ABSTRACT
INTRODUCTION
The identification of short tandem repeat (STR) polymorphisms (22) allowed the use of markers with multiple alleles and high heterozygosities that could be genotyped using PCR. Tetranucleotide repeat markers now have a prominent place in extensive maps that have been constructed for linkage and genome-wide association studies (19, 20) . Those on the Y-chromosome provide the best model system for dating modern human origins and population diversities by paternal lineage and for studies in paternity testing, forensic casework, and population evolution (6, 9, 17) . Here we describe a utilitarian method for genotyping of tri-and tetranucleotide polymorphisms, using standard laboratory equipment. It is designed to enable the high throughput demanded particularly by population association studies, where greater sample parallelism of analysis for many subjects for single loci may be required, but would also be viable as an alternative format for large-scale linkage studies.
Our new approach derives from methodology we developed to size the fifteen INSgene 5 ′ VNTR minisatellite class I alleles (641-843 bp) (14) . We combine the 96-well microplate array diagonal gel electrophoresis (MADGE) system (1) with a Duracryl™ polyacrylamide matrix and electrophoretic conditions that permit resolution of alleles over a short (43.5-mm) track length. The method has been tested on three microsatellites. The tetranucleotide repeat (TCAT) n in intron 1 of the tyrosine hydroxylase ( TH) gene, designated HUMTH01 , has five alleles originally sized as 244, 248, 252, 256, and 259 bp (15) . HUMTH01alleles are now referred to by the number of repeats that they contain: 6, 7, 8, 9, or 9.3; the latter allele with 10 repeat units usually has a deleted base in the last unit (16) . We have also tested the system in sizing the single copies of two Y-chromosome microsatellites, DYS390, a tetranucleotide repeat, and DYS392, a trinucleotide repeat (8) . DYS390 has eight alleles, of which four (208, 212, 216, and 220 bp) are common. DYS392 also has eight alleles, and four of these are common: 216, 219, 222, and 225 bp. The three markers have been typed in separate cohorts of 2623 and 691 samples.
MATERIALS AND METHODS

DNA Samples
Samples of 2623 males from the Northwick Park heart study II (12) and of 691 males and females drawn from the Hertfordshire cohort (7) were used as templates. Y-chromosome markers were genotyped in the former and HUMTHO1 in both.
PCR
HUMTH01.
The polymorphism was typed using the PCR conditions described by Weber and May (22) and primers described by Polymeropoulos et al. (15) .
Y-chromosome microsatellites. Primers for DYS390 were obtained from http://www.medfac.leidenuniv.nl/ fldo (based on GenBank ® accession no. G09611). The sequences of the primers for DYS390 were as follows: forward primer, 5 ′ -TATATTTTACAC -ATTTTTGGGCC-3 ′ ; reverse primer, 5 ′ -TGACAGTAAAATGAACACATT -GC-3 ′ . PCR thermal cycling conditions were 1 cycle at 95°C for 3 min and then 94°C for 40 s, 56°C for 40 s, and 72°C for 40 s for 35 cycles, with a final extension at 72°C for 5 min. The sequences of the primers for DYS392 were based on the GenBank accession no. G09867 sequence as follows: forward primer, 5 ′ -GACACCTAAAA -GCCAAGAAGGAAAAC-3 ′ ; reverse primer, 5 ′ -GAGCGAATACTTAGAC -CCAGTTGATG-3 ′ . PCR thermal cycling conditions were 1 cycle at 95°C for 2 min and then 94°C for 1 min, 58°C for 1 min, and 72°C for 1 min for 35 cycles, with a final extension at 72°C for 3 min.
Fragment sizing markers.The fragment sizing markers were pairs of PCR products generated from the IGF2 gene, which bracket the allele size ranges of each microsatellite. Templates were extracted from blood of anonymous volunteers. For HUMTH01 , sizing markers were 213 and 291 bp. The 213-bp marker forward primer was 5 ′ -GTGCCCCGCCTCCCCGAA-3 ′ , and the reverse primer was 5 ′ -GTTTTAA -GAGGGTTGTTGTG-3 ′ . For the 291-bp marker, the forward primer was 5 ′ -TCACGCCACTTCTCTCCCGC-3 ′ , and the reverse primer was 5 ′ -TGCTG -ACCTAGGAGTGTGCT-3 ′ . PCR thermal cycling conditions for both HUMTH01sizing markers were 1 cycle at 95°C for 5 min and then 92°C for 1 min, 55°C for 1 min, and 72°C for 2 min, for 30 cycles. For both Y-chromosome microsatellites, sizing markers were 189 and 253 bp. The 189-bp marker forward primer was 5 ′ -AGTT -GTGGAATCGGAAGTGG-3 ′ , and the reverse primer was 5 ′ -TAATGCCCGA -CCTGAAGATC-3 ′ . The 253-bp marker forward primer was 5 ′ -CAGGAA -AGCGACCGGGCATT -3 ′ , and reverse primer was 5 ′ -AGGGGCGCAGAG -GCGGAGGG -3 ′ . PCR thermal cycling conditions for both Y-chromosome microsatellite sizing markers were the same as that for DYS390, except that the annealing temperature was 55°C.
All reactions were performed in 96-well Omniplates (Hybaid, Teddington, UK), each 10 µ L reaction containing 0.4 ng DNA, 50 mM KCl, 10 mM Tris HCl, pH 8.3, 0.05% W1, 200 µ M each dNTP, 4 pmol each primer (MWGBiotech UK, Milton Keynes, UK) and 0.1 U TaqDNA polymerase (Invitrogen, Paisley, UK). The MgCl 2 concentration was 2 mM for all PCRs except that of the 253-bp marker, for which it was 1.5 mM.
Electrophoresis
The gel used was a modification of the original MADGE format (1) . The open-faced polyacrylamide gel has well spacing that preserves the 8 × 12 array and 9-mm pitch of industry-standard microplates. The array is orientated so that electrophoresis proceeds from top to bottom of the horizontal gel and tracks follow a 78.7° diagonal between wells, providing an available track length of 43.5 mm. Gel formers are available from MadgeBio Ltd.
(http://www.madgebio.freeserve.co.uk). A gel consisting of 5% Duracryl matrix (Genomic Solutions, Ann Arbor, MI, USA) in 1× TAE buffer (11) was used. This mechanically strong and elastic acrylamide-based matrix improved resolution in comparison with standard polyacrylamide. To 50 mL gel mixture, 150 µ L each TEMED and 25% ammonium persulfate were added as polymerization catalysts.
The gel was equilibrated in 1× TAE buffer containing 5 mM KCl for 1 h before use, with one change, to help equalize local ionic conditions near the anode and cathode, which otherwise become imbalanced through differential mobilities of different ions during the run (10) . Delaying the start of electrophoresis by 5 min to reduce the ionic imbalance between sample and gel by diffusion also aided resolution (21) . Each 4 µ L sample prepared for loading consisted of 1 µ L formamide dye mixture, 1 µ L 4× TAE buffer, 1 µ L 1:1 (v/v) two sizing marker PCR products, and 1 µ L microsatellite PCR product. A loading buffer was made first, consisting of dye, 4× TAE, and sizing markers 1:1:1 by volume. One microliter of PCR product was added to 3 µ L loading buffer, and 2 µ L were then loaded onto the horizontal gel overlaid with a film of 5 mM KCl in 1× TAE, using a 96 split-pin passive transfer de -vice (V&P Scientific, San Diego, CA, USA). A second glass plate was then slid carefully over the surface and secured in position with two longitudinally placed rubber bands. Distortion of bands at the edge of the gel due to ionic effects between gel and buffer was eliminated by inserting a silicone tubing gasket down each side of the gel, leaving the anode and cathode ends unsealed. The gel "sandwich" was then lowered into the electrophoresis tank which contained 1× TAE buffer preequilibrated to a temperature of 40°C. Up to 10 loaded gels can be stacked in a rack in the tank. [The tank is manufactured by Ingeny International BV (Goes, The Netherlands), and the rack purpose-built by Ingeny or in house.] Electrophoresis was at a constant voltage of 150 V (10 V/cm) and current of 0.5 A for 90 min, during which time the temperature of the buffer was thermostatically controlled at 40°C.
Gel Scanning and Image Analysis
After electrophoresis, the glass plate covering the gel was removed and the gel was stained in Vistra Green ™ dye (Amersham Biosciences, Little Chalfont, UK). The wet gel was then scanned on a Fluorimager ® 595 (Molecular Dynamics, Sunnyvale, CA, USA) as described previously (14) . The images were viewed and analyzed for fragment size using ImageQuant ™ fragment analysis software (Molecular Dynamics). PCR fragments were sized with reference to two marker bands, which span the allele size ranges. Gel tracks were extracted for analysis using Phoretix™ software [Phoretix 1D Advanced, version 4.1; NonLinear Dynamics Ltd (http://www.phoretix.com)], as described previously (13) . Measurements generated by the Phoretix software were transferred to Microsoft ® Excel ® for PCR fragment size computation.
For HUMTH01 , the determination of PCR fragment sizes was by the following formula:
where U is the unknown fragment size in bp, d ′ 213 is the distance between the 213-bp and 291-bp bands, and d ′ U is the distance between the unknown fragment band and the 291-bp band. Determination of the Y-chromosome microsatellite fragment size was by the same formula but with different sizing marker values substituted. This formula assumes a log-linear relationship of size (bp) and mobility.
RESULTS AND DISCUSSION
Electrophoresis of 96 HUMTH01 PCR products from the Northwick Park Heart Study II cohort (NPHSII) (12) on a 5% Duracryl MADGE gel is shown in Figure 1 . Figure 2a shows images of individual tracks representing the 15 different allelic combinations generated by the five alleles at the HUMTH01lo - The distribution of the 1382 binned alleles confirmed previous observations that alleles 6-9 are composed of 4-bp repeats, with allele 9.3 including a 3-bp unit (16) . A total of 2463 DYS390 and 2623 DYS392 alleles from the NPHSII cohort were analyzed. In both microsatellites, fragments were sized and arbitrarily binned to eight distinct groups, which defined the allele sizes. Binning of the trinucleotide repeat DYS392 PCR fragments is shown in Figure 4 . The median fragment size in each bin coincides with allele sizes that were predicted from GenBank sequence.
Precision of binning (i.e., recognition of distinct subsets of the discrete sets of alleles represented by the histogram blocks) is possible given the size gap between each cluster and is a reasonable test of assay quality in large population studies. Our method is utilitarian, maximizing resolution on very short gel tracks to achieve convenient sample parallelism and direct microplate compatibility. Alleles should fall into discrete groups in frequency histograms by size (to nearest estimated 0.1 nucleotide), representing each repeat length evident in the population (e.g., x , x+4 ). Visual inspection of Figures 3 and 4 confirms that discrete bins are evident. Such cluster analysis forms a standard "bootstrap" for microsatellite allele binning. It is based on the assumption that only particular genotypes exist (e.g., AA, Aa, aa for SNPs, or x , x+4 , x+8 …x+4nfor a tetranucleotide R e searchR e po r t repeat). The assumption fails if rare alleles exist. HUMTH01allele 10, with one base pair more than allele 9.3 is present at approximately 1% in Caucasians (4). Our method would not distinguish these two alleles, although the disruption of the typical bell curve of estimated allele size evident for allele 9.3 might raise suspicion of heterogeneity. For the two microsatellites illustrated, we have estimated the mean size and standard deviation (in bp) for each allele bin created (Tables 1 and 2 ). Betweenbin cutpoints were at frequency minima. For the four common alleles of DYS392, the average standard deviation is 0.77 bp. For the five HUMTH01alleles identified, the average standard deviation is 0.87 bp. This gives 3.9 standard deviation between mean allele sizes for the trinucleotide repeat DYS392 and 4.6 standard deviation between means for the predominantly tetranucleotide repeat HUMTH01 . Assuming a normal distribution (most allele bins show bell shape of frequency against size estimated to nearest 0.1 bp, although there are gaps between most bins suggesting truncated distributions), 5% of samples in one bin would fall outside cutpoints placed 2 standard deviations above and below the mean for that bin. If all calls were made (based on arbitrary cutpoints at minima between frequency peaks), then there would be, typically, approximately a 95% correct call rate. Relative to very high-resolution long tracks (slab or capillary), this represents a high error rate but has utilitarian value for large-scale association studies. Exclusion of calling for a small window of sizes near the frequency minima will considerably reduce error rate (e.g., to 99% correct). The specific examples used represent large microsatellite products and for loci or products in which size differences are relatively greater (e.g., 153, 156, and 159 bp), confidence limits will be improved.
We compared allele frequencies obtained by the MADGE method with others reported in Caucasian samples. In 691 individuals from our Hertfordshire cohort, frequencies of the five HUMTH01allele sizes were as shown in Table 1 . Genotypes represented no significant deviation from Hardy Weinberg equilibrium (Chi square test P= 0.103; df =14). The corresponding allele frequencies originally reported by Polymeropoulos et al. (15) were 26% (allele 6), 14% (allele 7), 13% (allele 8), 26% (allele 9), and 21% (allele 9.3) in only 70 chromosomes of unrelated individuals, using polyacrylamide gel electrophoresis of PCR products generated with 32 P-labeled primers followed by autoradiography. Sharma et al. (18) recorded allele frequencies of 24%, 17%, 13%, 20%, and 26%, respective -ly, in 206 subjects, using ABI Genescan™ (Applied Biosystems, Foster City, CA, USA).
Our distribution of allele frequencies for tetranucleotide microsatellite DYS390 is in close agreement with those reported in other European populations (2) http://www.medfac.leidenuniv.nl/fldo). In 2460 Y-chromosomes in the NPHSII cohort, the four common alleles 208, 212, 216, and 220 bp accounted for 12.1%, 28.2%, 45.7%, and 12.8%, respectively, of total alleles. The corresponding frequencies reported in European populations were 13.4%, 28.1%, 37.7%, and 14.1%. The distribution of allele frequencies for DYS392 is in agreement with that in German (5) and Dutch (3) populations. In 2623 Y-chromosomes in the NPHSII cohort, of the four common alleles 216, 219, 222, and 225 bp, 222 bp accounted for 58.5% of the total (Table 2) . It represents 56% in the German (5) and 55% in the Dutch (3) populations.
This method is presented as a utilitarian approach for the sizing of microsatellite alleles in large numbers of samples precisely, rapidly, and at low cost. Our principal concern has been to create high precision in the interpolation of estimated PCR fragment sizes to achieve precise binning, not to obtain accurate absolute sizing. However, we have checked the actual size of representative fragments from allele bins by direct sequencing. We have also undertaken repeat runs of the same subjects as a further evaluation of precision and can confirm that binning works as well between as within gels. Our system lacks the single-nucleotide resolution required for the detection of rare subrepeat alleles demanded by forensic testing; however, the chief advantages of the MADGE method lie in low-cost reagents, the use of standard laboratory equipment, and a format that should be particularly suited to population studies of selected single markers.
